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A B S T R A C T
The operating temperature of high-temperature electronics can significantly promote the growth of intermetal-
lic compounds (IMCs) at solder/substrate interfaces, particularly for low-cost Zn-based solders because of the
rapid rate of reaction of Zn with Cu. Thus, a reliable and robust diffusion barrier is indispensable for suppress-
ing the reactions between solder and substrate. In this work, a ternary Ni-W-P alloy was prepared via elec-
troless plating. Its diffusion barrier property was evaluated by comparing the microstructures of IMC layers
in Zn-5Al/Ni-W-P/Cu and Zn-5Al/Cu interconnects after liquid-solid reaction for prolonged durations. When
the reaction lasted for 30 min, the thickness of the Al3Ni2 produced in the Zn-5Al/Ni-W-P/Cu solder intercon-
nects was only 2.15 μm, whereas the thickness of the interfacial layer of Cu-Zn IMCs (CuZn4, Cu5Zn8 and
CuZn) at the Zn-5Al/Cu interface was 94 μm. Because of the unbalanced growth of the IMCs in the Zn-5Al/
Cu interconnects, notable numbers of Kirkendall voids were identified at the CuZn4/Cu5Zn8, Cu5Zn8/CuZn
and CuZn/Cu interfaces after prolonged liquid-solid reaction. By contrast, the Al3Ni2 layer in the Zn-5Al/
Ni-W-P/Cu solder joints remained intact, showing the potential to effectively enhance the mechanical relia-
bility of electronic devices.
© 2017.
1. Introduction
High-lead solders (Pb content: 85–97 wt.%) are commonly ap-
plied in high-temperature electronics (HTE), including devices for use
in aircraft, automotive, space and drilling applications [1,2]. How-
ever, due to health and environmental concerns, the development of
high-temperature lead-free solders to replace lead solders is of vi-
tal importance. Recently, considerable research has been conducted
on various high-temperature alternatives, including Au-rich, Bi-Ag,
and Zn-based solders as well as nano-silver paste. Unfortunately, cer-
tain notable drawbacks have limited their applications, such as the
high cost of Au-rich solder [3], the low wettability and brittleness of
Bi-Ag solder [4], and the high cost and porosity of nano-silver assem-
blies [5,6]. Among these alternatives, Zn-based solder is a potential
lead-free candidate by virtue of its low cost, high melting point, and
good thermal and electrical conductivity, and thus, this potential sol-
der material deserves further investigation [7,8].
However, Zn-based solders actively react with Cu substrates to
produce excessive Cu-Zn intermetallic compounds (IMCs), particu-
larly at elevated temperatures. This makes solder joints brittle and
prone to fracture [9]. To solve this challenge, diffusion barriers can
be utilised to hinder the interfacial reactions in Zn-based solder
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joints. In industry, electroless Ni-P coatings have been widely em-
ployed as diffusion barriers in conventional electronics. Unfortu-
nately, this alloy is not suitable for HTE because of its low crystalli-
sation temperature and weak thermal stability as well as the voids that
form in a crystalline Ni3P layer [10–12]. Therefore, a reliable and ro-
bust diffusion barrier that functions stably is critically required for
high-temperature solder joints, especially for Zn-5Al solder, a typical
high-temperature solder. Previous works have reported that the incor-
poration of W can significantly retard the crystallisation of electroless
Ni-P alloys [13–15]. Moreover, a few researchers have studied the re-
actions of Ni-W-P coatings with Sn-Bi or Sn-3.5Ag solders, drawing
the conclusion that the interfacial reactions with a Ni-W-P interlayer
are clearly slower than those with a Ni-P interlayer [15–17]. How-
ever, these solders are generally applied in a relatively low-tempera-
ture regime (peak reflow temperature < 220 °C).
To date, the interfacial reactions between electroless Ni-W-P lay-
ers and high-temperature solders during reflow has seldom been re-
ported. In this work, the effects of electroless Ni-W-P coatings on in-
hibiting the interfacial reactions in Zn-5Al solder interconnects were
investigated in comparison with a bare Cu substrate. Attention was
directed towards the reduction of the growth rates of interfacial IMC
layers and the prevention of Kirkendall void formation at the solder/
substrate interface during liquid-solid reaction after the application of
an electroless Ni-W-P coating. The morphological evolution of the
IMCs at these interfaces was also investigated.
http://dx.doi.org/10.1016/j.jallcom.2017.06.122
0925-8388/© 2017.
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2. Experimental procedures
2.1. Electroless Ni-W-P plating
An electroless Ni-W-P ternary alloy was produced on polycrys-
talline copper substrates. Prior to electroless plating, a pre-polished
Cu sheet (99.9% purity, 1 mm thickness) was cut into square pieces
(20 × 20 mm) and then ultrasonically cleaned with acetone followed
by 50 vol.% HCl acid to remove oil and oxidation, respectively. Next,
these copper substrates were immersed in a plating bath, and an alu-
minium wire was subsequently attached to the copper surface to initi-
ate deposition. The wire was then removed after the formation of an
initial thin Ni-W-P layer. The plating solution was an alkaline bath
consisting of deionised water and sodium tungstate (7 g/L), nickel sul-
phate (35 g/L), sodium hypophosphite (12 g/L) and sodium acetate
(40 g/L). The plating temperature was 88 ± 2 °C, and the plating time
was 30 min. After deposition, all substrates were cleaned and dried for
the preparation of the solder interconnects.
2.2. Preparation of Zn-5Al solder interconnects
Prior to reflow, Zn-5Al solder pellets (weight: approximately
0.15 g, melting point: 382 °C) were placed on Ni-W-P-plated Cu sub-
strates and bare Cu substrates for comparison. The reflow was con-
ducted on a hotplate attached to a temperature control unit to perform
Fig. 1. Reflow temperature profiles of the Zn-5Al solder interconnects.
a reflow profile as shown in Fig. 1. A K-type thermal couple that mea-
sured real-time temperature of the samples validated the consistency
with the pre-set temperature profile. The durations of reaction between
the molten Zn-5Al solders and the solid Cu substrates ranged from 1
to 30 min.
2.3. Morphological and microstructural observations
After reflow, some specimens were cold mounted, ground and fi-
nally polished using colloidal silica to reveal their cross-sectional mi-
crostructures. The microstructures of the interfacial IMCs that formed
at the Zn-5Al/Cu and Zn-5Al/Ni-W-P/Cu interfaces under the same
reflow conditions were investigated using scanning electron mi-
croscopy (SEM, Zeiss 1530VP) combined with energy-dispersive
X-ray spectroscopy (EDS). The thicknesses of the Ni-W-P coatings
and IMC layers were also measured using ImageJ software. Mean-
while, the top-view morphologies of the IMCs formed in the Zn-5Al/
Ni-W-P solder interconnects were examined by etching the Zn-5Al
solders with a dilute NaOH solution (20 g/L).
3. Results and discussion
3.1. As-deposited electroless Ni-W-P coating
The as-deposited Ni-W-P coating consisted of 7–8 wt.% P and
18–19 wt.% W, according to the EDX analysis. The surface morphol-
ogy and cross section of this Ni-W-P coating are shown in Fig. 2. Its
surface exhibited a typical cauliflower-like morphology with smooth
nodules of uneven size (size range: 0.5–1.5 μm). No visible defects
and pores were observed on its surface. As shown in Fig. 2 b), the
thickness of the Ni-W-P coating was approximately 2 μm. Overall,
this coating was free of cracks, compact and adherent, showing good
properties as a barrier layer. It was firmly adhered to the Cu substrate,
as no visible pores could be seen at the interface.
3.2. Evolution of IMC morphologies during liquid-solid reaction
The cross-sectional microstructures and corresponding topogra-
phies of the interfacial IMCs in Zn-5Al/Ni-W-P/Cu solder intercon-
nects are shown in Fig. 3. According to their cross-sectional mi-
crostructures in Fig. 3a), c), e) and g), only one thin IMC layer formed
at the Zn-5Al/Ni-W-P interfaces, with a thickness that increased from
0.5 to 2.15 μm as the liquid-solid reaction duration increased from 1 to
30 min. To precisely identify this IMC layer, elemental analysis was
performed on the Zn-5Al/Ni-W-P solder interconnects subjected to the
longest reaction time (30 min), and the composition was identified as
Al3Ni2, as presented in Fig. 4.
Fig. 2. Micrographs of an as-deposited Ni-W-P coating: a) surface morphology and b) cross-sectional morphology.
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Fig. 3. Cross-sectional views (a, b, c and d) and top views (e, f, g and h) of Zn-5Al/Ni-W-P interfaces after reflow at 450 °C for various reaction times: (a and d) 1 min, (b and e)
5 min, (c and f) 15 min, and (g and h) 30 min.
Regarding the topography of the Al3Ni2, after 1 min of reaction,
the generated Al3Ni2 (0.5 μm in thickness) exhibited prism-like or
plate-like shapes, as shown in Fig. 3 b). As the reaction time in-
creased to 5 min, the average thickness of the Al3Ni2 layer grew to
approximately 0.9 μm. The plate-like IMCs transformed into rod-like
shapes, whereas the prism-like IMCs continuously grew to a larger
size of approximately 2 μm (Fig. 3 d). After liquid-solid reaction for
15 min, some of the larger Al3Ni2 grains (size: ∼2 μm) continued to
grow into round scalloped shapes by merging with adjacent smaller
Al3Ni2 grains (size: ∼0.2 μm), resulting in a continuous Al3Ni2 layer,
as illustrated in Fig. 3 e). The size of these scalloped IMCs ranged
from 1 to 2.1 μm. Finally, after 30 min of reaction, faceted scallops
with a polygonal shape were observed, with a slightly increased grain
size (up to 2.5 μm) as shown in Fig. 3 h). Overall, the shapes of the
Al3Ni2 grains transformed from initial prism-like or plate-like shapes
into rod-like shapes and subsequently grew into scallop shapes.
From the elemental mapping results for this solder interface af-
ter 30 min of reaction (see Fig. 4), it is clear that Ni atoms in the
Ni-W-P coating diffused out and reacted with Al atoms from the
Zn-5Al solder to form Al3Ni2. By contrast, the signals from Zn and
Cu were observed to terminate at the Zn-5Al/Al3Ni2 and Ni-W-P/Cu
interfaces, respectively. This indicates that Zn and Cu atoms did not
diffuse through the Ni-W-P interlayer, thereby demonstrating its ex-
cellent diffusion barrier property for eliminating the interdiffusion of
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Fig. 4. Elemental mapping and pointing analysis of a Zn-5Al/Ni-W-P interface after 30 min of liquid-solid reaction at 450 °C.
Zn and Cu. It has been reported that in Zn-4Al/Ni solder intercon-
nects, Al3Ni2 grains peel from the Ni substrate and disperse into the
solder matrix to form a thick zone after 5 min of liquid-solid reac-
tion at 450 °C [18]. However, no spalling of the Al3Ni2 occurred in
the Zn-5Al/Ni-W-P system, even after liquid-solid reaction for up to
30 min at 450 °C. This observation thus additionally confirms the ex-
cellent diffusion barrier property of an electroless Ni-W-P interlayer
compared with a bare Ni substrate.
For Zn-5Al solder interconnects without a Ni-W-P interlayer,
cross-sectional micrographs of the IMCs formed after liquid-solid re-
action at 450 °C for up to 30 min are presented in Fig. 5. The com-
positions of these IMC phases are shown in Table 1. The thickness
of the interfacial IMCs at the Zn-5Al/Cu interface (94 μm, 30 min of
reaction) was much higher than it was at the Zn-5Al/Ni-W-P inter-
face (2.15 μm, 30 min of reaction). Such a high IMC thickness could
cause problems in interfacial integrity due to the brittle nature of
IMCs and their mismatches with the physical properties (e.g., elastic
Fig. 5. Backscattered SEM images showing the IMCs formed at Zn-5Al/Cu interfaces after liquid-solid reaction for a) 1 min, b) 5 min, c) 15 min, and d) 30 min.
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Table 1
Results of a quantitative EDX analysis of the IMCs formed at a Zn-5Al/Cu interface.
Position
Cu composition
(at.%)
Zn composition
(at.%)
Corresponding
IMC
Upper layer 20.3 79.7 ε-CuZn4
Medium
layer
39.1 60.9 γ-Cu5Zn8
Lower layer 52.3 47.7 β-CuZn
moduli and coefficients of thermal expansion) of the solder and sub-
strate [19–21].
After 1 min of reaction, the upper layer adjacent to the Zn-5Al sol-
der was a dendritic ε-CuZn4 layer (∼4 μm), whereas an interlayer of
γ-Cu5Zn8 (∼12.5 μm) had formed between the CuZn4 and the Cu sub-
strate. The activation energies for the formation of CuZn4 and Cu5Zn8
have been reported to be 29.54 and 42.38 kJ/mol, respectively [22].
Therefore, it can be inferred that CuZn4 was likely the first IMC to be
produced at the Zn/Cu interface, followed by the formation of Cu5Zn8.
After 5 min of liquid-solid reaction, the thicknesses of the CuZn4 and
Cu5Zn8 had grown to 8 μm and 27 μm, respectively. A thin layer of
β-CuZn (thickness: ∼1 μm) emerged between the CuZn4 and the Cu
substrate, as shown in Fig. 5 b), consistent with the results of a pre-
vious study [23]. In addition, numerous Kirkendall voids were also
found at this CuZn4/Cu5Zn8 interface, which is in accordance with
previous work on the Zn-Sn-Cu-Bi solder system [24]. With the pro-
longation of the reflow duration with molten solder, the thickness of
the Cu-Zn IMCs continued to increase, to approximately 65 μm after
15 min of reaction and 94 μm after 30 min of reaction.
Notably, a few Kirkendall voids emerged near the CuZn interlayer
(see the enlarged region in Fig. 5d)) in the Zn-5Al/Cu solder intercon-
nects after 30 min of reaction. This phenomenon has not previously
been reported in Zn-based solder joints, but it is similar to the observa-
tions of voids in Cu3Sn layers in aged Sn/Cu solder joints [12,25,26].
The formation of these nano-sized voids can be attributed to the dif-
ference between the intrinsic diffusivities of Cu and Zn. The CuZn/
Cu and Cu5Zn8/CuZn interfaces served as locations for the agglom-
eration of defects into nano-/micro-voids (Kirkendall voids) near the
interfaces. Such voids can seriously degrade the reliability of solder
joints by acting as crack initiation regions when subjected to external
loads [27]. Moreover, during service, these voids are likely to propa-
gate with the growth of CuZn and aggregate to larger sizes, resulting
in significant mechanical and electrical degradation of the solder joints
[28,29].
3.3. IMC growth kinetics during liquid-solid reactions
Fig. 6 shows the parabolic relationships between the thicknesses
of all IMCs and the liquid-solid reaction durations for Zn-5Al/Cu and
Zn-5Al/Ni-W-P interfaces reacted at 450 °C for 1, 5, 15 and 30 min.
The thickness of the total Cu-Zn IMC layer at the Zn-5Al/Cu inter-
face grew significantly, from approximately 17 μm (after 1 min of re-
action) to 94 μm (after 30 min of reaction), as shown in Fig. 6 a),
whereas the thickness of the Al3Ni2 at the Zn-5Al/Ni-W-P interface
grew only from 0.5 μm (after 1 min of reaction) to 2.15 μm (after
30 min of reaction). Fig. 6 b) shows the individual Cu-Zn IMC thick-
nesses; the γ-Cu5Zn8 interlayer was the thickest among them, and the
CuZn4 was the layer of intermediate thickness. Previous studies have
reported that the rapid growth of Cu5Zn8 is a result of the high diffu-
sion rates of Cu and Zn atoms in the CuZn4 phase [22,30]. By con-
trast, the growth rate of CuZn was the slowest among the three Cu-Zn
IMCs, with this layer reaching a maximum thickness of 2.5 μm after
Fig. 6. Thicknesses of the Zn-Cu IMCs formed after liquid-solid reaction at 450 °C for
1, 5, 15 and 30 min at a) Zn-5Al/Cu interfaces and b) Zn-5Al/Ni-W-P interfaces.
30 min of reaction. However, at the Zn-5Al/Ni-W-P solder interface
after 30 min of reaction, the growth rate of Al3Ni2 was even slower
than that of CuZn, which was the slowest IMC to form at the Zn-5Al/
Cu solder interface.
Generally, it was clearly observed that the IMC thickness (d) in-
creased linearly with the square root of t. This linear relationship in-
dicates that the growth mechanisms of all IMCs were diffusion-con-
trolled, consistent with the following parabolic law:
where d is the thickness of the IMC layer, t is the liquid-solid reac-
tion duration, and k is the growth rate coefficient for the IMC of inter-
est, which can be calculated for each IMC from the slope of the corre-
sponding fit line in Fig. 6.
In this way, the experimental values of k for the different interfa-
cial IMCs that form in Zn-Al solder interconnects under harsh condi-
tions were calculated and are listed in Table 2.
For the Zn-5Al solder interconnects with Ni-W-P coatings, the
growth rate coefficient (k) of the Al3Ni2 layer was 4.9 × 10
−2 μm/
s1/2 because of the slow reaction rate between the molten Zn-5Al
solder and the Ni-W-P coating. During the initial liquid-solid reac-
tion (1 min), a good metallurgical and electrical bond was achieved
through a thin Al3Ni2 layer with a reasonable thickness (∼0.5 μm).
(1)
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Table 2
Comparison of the formation and growth of IMCs at Zn-5Al/Ni-W-P and Zn-5Al/Cu
interconnects during liquid-solid reactions.
Solder interconnect IMC k (μm/s1/2) Reflow temperature (°C)
Zn-5Al/Ni-W-P Al3Ni2 4.90 × 10
−2 450
Zn-5Al/Cu Cu-Zn IMCs 2.180 450
ε-CuZn4 5.506 × 10
−1 450
γ-Cu5Zn8 1.573 450
β-CuZn 5.607 × 10−2 450
Even after 30 min of reaction, the average thickness of the Al3Ni2
was approximately 2.1 μm, which is still a reasonable thickness for in-
terfacial IMC layers [31]. It is widely known that excessive growth
of IMCs has a tendency to cause the mechanical reliability of solder
joints to deteriorate. Therefore, this slow growth rate of Al3Ni2 is re-
garded as beneficial for the reliability of solder joints.
The overall growth rate coefficient for all Cu-Zn IMCs was
2.18 μm/s1/2, nearly 44 times higher than that for the Al3Ni2 in the
Zn-5Al/Ni-W-P/Cu interconnects. Regarding the individual Cu-Zn
IMCs, the growth rate coefficients (k) of γ-Cu5Zn8 and ε-CuZn4 were
1.573 μm/s1/2 and 0.551 μm/s1/2, respectively, whereas the k value for
the β-CuZn interlayer was the smallest at only 5.607 × 10−2 μm/s1/2.
3.4. Diffusional formation mechanism of IMCs in Zn-Al solder
interconnects
Based on the results discussed above, Fig. 7 schematically illus-
trates the diffusional formation mechanisms of the interfacial IMCs
at Zn-Al solder interconnects. During the liquid-solid reactions at the
Zn-Al/Cu interfaces, the Zn-5Al solder was in a liquidus state while
the Cu remained solid. Zn atoms were abundant because of the fast
diffusion rate in liquid. As a result, CuZn4, a Zn-enriched phase,
formed first. The mutual diffusion and reaction of these two elements
were driven by the differences in concentration between the solder
and the substrate matrix. By virtue of the high diffusion rates of Cu
and Zn atoms in CuZn4 layers, as reported by Gancarz and Xiao et
al. [22,30], Cu5Zn8 could rapidly grow to form into the thickest layer
among the various Cu-Zn IMC layers. The faster diffusion rate of
the Zn element also triggered a vacancy flux in the opposite direc-
tion, generating vacancies in the CuZn4 near the Cu5Zn8 phase. Then,
these vacancies accumulated to form Kirkendall voids, as illustrated
in Fig. 7 a). A similar phenomenon also occurs in Zn-Sn-Cu-Bi/Cu
solder joints after 90 s of liquid reaction [24]. Afterwards, Zn atoms
in the Cu5Zn8 phase slowly reacted with Cu atoms from the substrate
to form a CuZn phase as the liquid-solid reaction continued. Thus,
the enormous difference in the growth rates of the Cu5Zn8 and CuZn
phases contributed to the unbalanced interdiffusion of the Cu and Zn
elements. Consequently, the formation of Kirkendall voids near the
CuZn layer is clearly unavoidable. This situation has seldom been
previously reported in Zn-Al solder joints, but enormous efforts have
been made with regard to conventional Sn-based solder joints, with
similar findings concerning void formation in Cu3Sn layers
[12,25,26]. Based on these works, it can be predicted that these Kirk-
endall voids in Zn-Al solder joints could cause the mechanical relia-
bility of Zn-Al solder joints to deteriorate. Overall, the interfacial reac-
tion in a Zn-Al solder interconnect without a diffusion barrier is rather
complex and accompanied by the formation of various defects, as il-
lustrated in Fig. 7 a).
By contrast, when an electroless Ni-W-P coating was employed as
a diffusion barrier, only Ni atoms diffused out from the metallisation
and then reacted with Al atoms from the solder matrix to form a rel-
atively thin Al3Ni2 layer (∼2.15 μm after 30 min of reaction), accord-
ing to the elemental analysis (see Fig. 5). The continuous growth of
this thin Al3Ni2 IMC layer attracted Al and Ni atoms as they slowly
diffused from the solder and the coating matrix, respectively. By pre-
venting the formation of different types of IMCs, the formation of mi-
cro-sized Kirkendall voids near the Zn-5Al/Ni-W-P interface after liq-
uid-solid reaction for up to 30 min could thus be avoided.
4. Conclusions
This study investigated the effects of electroless Ni-W-P coating as
a diffusion barrier in high-temperature Zn-5Al solder joints. The inter-
facial reaction between the molten Zn-5Al solder and the electroless
Ni-W-P coating was investigated, and Zn-5Al/Cu interconnects under
the same reflow conditions were tested for comparison. The following
conclusions can be drawn:
1. The presence of an electroless Ni-W-P coating can significantly de-
crease the thickness of the interfacial IMC layer that forms from
94 μm (Cu substrate, 30 min of reaction) to 2.15 μm
(Ni-W-P-coated Cu substrate, 30 min of reaction), which demon-
strates the excellent diffusion barrier property of electroless
Ni-W-P coatings for preventing reactions between Zn-5Al solder
and Cu.
2. At a Zn-5Al/Cu interface, three types of IMCs, namely, CuZn4,
Cu5Zn8 and CuZn, can be identified, and the overall growth rate
coefficient for all IMCs is 2.18 μm/s1/2. By contrast, when an elec-
troless Ni-W-P coating is applied, the growth rate coefficient of the
resulting Al3Ni2 layer is significantly lower (4.90 × 10
−2 μm/s1/2).
3. The interlayer at a Zn-5Al/Ni-W-P interface remains intact af-
ter liquid-solid reaction for a duration of 30 min. By contrast, a
notable number of Kirkendall voids can be found at the
Fig. 7. Schematic diagrams illustrating the diffusional formation mechanisms at a) a Zn-5Al/Cu interface and b) a Zn-5Al/Ni-W-P interface.
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CuZn4/Cu5Zn8, Cu5Zn8/CuZn and CuZn/Cu interfaces in Zn-5Al/
Cu solder joints after prolonged reaction.
4. During liquid-solid reaction, the thickness of the IMC layer fol-
lows a parabolic law with respect to the reaction duration in both
Zn-5Al/Cu and Zn-5Al/Ni-W-P/Cu interconnects. This finding in-
dicates that the growth mechanism of the IMC layers is diffu-
sion-controlled.
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